This paper presents the study conducted to design and analyze a morphing trailing edge flap structure for a large aircraft wing. The rear part of the trailing edge flap was modified to be integrated with a set of internal actuation mechanisms distributed along the span of the flap. Additional changes to the conventional flap structure were implemented, such as an open sliding trailing edge and connections between the upper and lower skins to meet the deflection requirements. Modeling and stress analysis were conducted to investigate the structural behavior of the flap under actuation and assess the structural integrity during the trailing edge deflection. Under the internal actuation and external aerodynamic loads, both the skin options made of composite and metallic materials were able to achieve the desired deflected shape subject to the strength constraint. The dynamic behavior of the flap structure has also been investigated. The first significant natural modes of the structure were assessed and the response of the structure to a transient aerodynamic input 
I. Introduction
VER the next few years the aviation industry will face the challenge to develop a new generation of air vehicles characterized by high performance and low environmental impact. The need for a greener aircraft, with significantly lower polluting emissions and less noise, however, seems to be in contrast with the demand for a more performing aircraft 1 . Morphing airframe technologies represent a very promising solution to conciliate these two aspects. The development of light wing structures equipped with morphing high lift devices would allow the wing to adapt its shape smoothly under different loading conditions to achieve near-optimal lift and drag profiles throughout all the different phases of the flight, leading to an enhanced aerodynamic performance and, consequently, to considerable fuel savings. The use of morphing high lift devices instead of the conventional, rigid high lift devices such as slats and trailing edge flaps, currently mounted on commercial air vehicles, would help to reduce the complexity and the overall weight of the wing structure 2, 3 . Moreover, the lower number of gaps in the airframe structure would allow a more laminar airflow over the wing surface during take-off and landing, consequently reducing noise emissions 4 . Several studies on wings with morphing capabilities have been conducted in recent years and a variety of morphing concepts has been proposed. Focusing on the trailing edge part of the wing, many solutions have been found for the morphing trailing edges of small vehicles 5, 6, 7 such as Unmanned Air Vehicles (UAVs) and Micro Air Vehicles (MAVs), where low energy is required to perform morphing and various actuation techniques can be implemented. However, only a very small number of the proposed morphing concepts had the potential to be applied to large commercial air vehicles, in terms of strength of the structures and effectiveness of the morphing 8, 9, 10 . This current investigation aims to find a feasible design of a morphing flap with flexible trailing edge for a commercial aircraft wing. The design presented consists in a morphing flap with a hingeless and internally actuated rear part to enhance the lift and the aerodynamic efficiency. A curved beam actuation system based on an existing concept was used and preliminary investigations were conducted to select the skin materials and to evaluate the actuation load needed for morphing (see also Di Matteo, Guo and Ahmed
11
). Additional changes to the traditional rigid flap structure were included, such as an open sliding trailing edge to allow a uniform and smooth flap deflection. A structural nonlinear static analysis was performed using the commercial software PATRAN/NASTRAN to prove the effectiveness of the selected flap design. Finally, the behavior of the trailing edge flap with the integrated actuation mechanism was evaluated under the effect of a transient aerodynamic load to show that the morphing flap structure was stable.
II. Structural Model
The example flap considered in this investigation is for a medium size commercial aircraft with a wingspan of 39.65 m and a mean chord of 5.15 m. The geometrical data for the wing are summarized in Table 1 . The analysis was carried out at a wing reference section having a total chord of 4 m.
The wing was equipped with high lift devices to improve the aircraft performance (Fig. 1) . A droop nose ensured laminar wing flow and allowed a reduction of acoustic emissions if compared to the conventional slats.
The wing trailing edge (TE) was equipped with a single slotted fowler flap having a chord of 1.108 m (28% of the wing chord) and a span of 5.52 m, shown in Fig. 2 (a) . The conventional flap structure was modified to obtain a flexible rear part, corresponding to the section from the flap rear spar to the trailing edge. This morphing trailing edge with active camber capabilities was designed to further increase the lift during the take-off and landing phases. Two types of material, aluminum alloy (Al) and carbon fiber reinforced plastics (CFRP) were considered for the flap model. The mechanical properties of the materials used are presented in Tab. 2. When CFRP was used as the skin material, the skin thickness was 2.2 mm, with 12 plies having a symmetrical layup and stacking sequence [±45/0 3 /90] s . When aluminum alloy was used, the skin thickness was 2 mm. The skin panels were reinforced by six I-shaped stringers, placed on both upper and lower surfaces. The stringers were made of aluminum alloy and had flange and web 12 mm in length.
A. Trailing Edge Flap Deployment Mechanism
A flap deployment mechanism was included in the current analysis to provide realistic support conditions for the flap structure. A link-track deployment mechanism was chosen because of its good Fowler motion progression 12 .
The mechanism consisted of a forward link and a straight track, which was sloped downwards and supported by beams extending from the wing main structure. During the deployment, the flap goes from its stowed position to its fully deployed configuration by means of a rotation plus a downward sliding. The forward link is driven by a rotary actuator located at its pivot point and is attached to the flap with a flap fitting. The flap can ride onto the straight track thanks to a roller carriage attached to the same flap fitting with a pinned joint. As shown by Rudolph 12 the resultant of the aerodynamic forces for a single slotted flap is usually at around 32% of the flap chord. For this reason, the attachment point between the flap fitting and the roller carriage was located at the 30% of the flap chord, in order to minimize the overturning moment caused by the air load. The geometry of the mechanism was obtained by scaling the dimensions of the existing A320 link-track mechanism showed by Rudolph 12 with the flap chord.
B. Deflected shape
Following an aerodynamic optimization, the flap deflected shape was set. The maximum vertical displacement required at the trailing edge was equal to 7.69 cm, to be achieved together to the preliminary requirement of ±25° deflection for the flap trailing edge (see Fig. 3 ). 
C. The Eccentric Beam Actuation Mechanism
The actuation system chosen to deflect the TE flap structure was an eccentric beam actuation mechanism (EBAM). The principle of the eccentric actuation was developed in the 1970s within the DARPA project 13, 14 . In the original design 13, 14 , a bent beam called eccentuator was rotated by an actuator at one of its ends, the other end was hence pushed downwards (or upwards, depending on the applied rotation) and was able to move a bearing surface. The original mechanism was modified and adapted to the current morphing flap structure. The design was developed according to the deflected shape that the morphing trailing edge flap was required to achieve. In the proposed actuation mechanism, an actuator mounted onto the rear spar ( Fig. 4 (a) ) produces a rotation of an eccentric beam. A number of discs were mounted along the curved beam to ensure the actuation load was transferred from the beam to the flap skins to achieve the deflected shape ( Fig. 4 (b) ). There will be a number of such EBAM units distributed along the span of the flap.
The curvature of the beam was chosen to meet the target shape when the beam was rotated by 90° downwards. The beam diameter was gradually reduced from the rear spar of the flap to its trailing edge to fit into the smaller available space. The discs were designed to allow a smooth morphing deflection of the trailing edge flap. Each of them was arranged at an angle with respect to the beam axis and had a uniformly varying radius to follow the shape changes of the skin during the deflection. Each disc was located in correspondence of a couple of skin stringers. When the beam was rotated, the discs moved in a direction parallel to the stringers and the stringers provided a surface along which the disc could slide, acting as a rail track.
D. Open Trailing Edge
A preliminary study showed that when large vertical deflections were imposed to the trailing edge of the morphing flap, an undesirable shape was achieved. The skins exhibited a change in their curvature at some location along the chord and a series of bubbles appeared on the lower skin surface 11 . This non-uniform shape was the result of the constraints applied to the structure in terms of displacements, which were too rigid to allow it to meet the required shape in some of its points. The limited sliding between the upper and lower skins at the trailing edge played an important role in the development of the double curved shape. A new design with an open sliding trailing edge was hence adopted 11 to achieve a uniform and smooth deflection of the flap skins. Additional connections had to be set at the trailing edge in order to maintain the structural integrity of the trailing edge flap under the aerodynamic and actuation loads and the functionality of its actuation system.
E. Skin Connections
The flap with open trailing edge required some additional connections between the upper and lower skins to ensure its structural integrity was maintained under the effect of the actuation and aerodynamic loads In a previous study 11 , various types of connections were assessed in terms of the increased actuation load demand and to evaluate which of them offered the most uniform deflected shape. The selected solution was represented by thin layers of glass fiber/epoxy (GFRP), 0.5 mm in thickness, modeled as a membrane and unable to take shear stress. Other solutions were discarded because their high stiffness would limit the overall flexibility of the morphing structure, or, on the contrary, they would not provide adequate flap structural stiffness to carry the external load and to transfer the internal actuation forces.
III. Aerodynamic Pressure Loads
A computational fluid dynamics (CFD) model was created to generate accurate aerodynamic data for the twoelement aerofoil. The aerofoil configuration adopted, with droop nose and flap deployed, is shown in Fig. 5 . The mesh shown in Fig. 6 was created for the flap deployed configuration using ICEM CFD. This was achieved by importing the aerofoil in the form of coordinate points, the same points used in the creation of the structural model. This ensured similarity between the structural and fluid models. The mesh was generated to follow the principles of grid creation to maintain a high level of accuracy.
Special attention was paid to the elements near the cusped area of the main body and the flap itself, as these regions are sources of extreme variations in the flow. The model was run using the appropriate boundary conditions as to simulate a two-dimensional quasi-steady case (i.e. one unit span). The velocity was set to a Mach number of 0.15 and a Reynolds number of 7x10 6 . The model was placed at an angle of attack of 12 degrees. Atmospheric conditions were taken for an altitude of 20000 ft and an air temperature of 248.6 K. The turbulence model chosen was k-ω SST using the γ-θ model as the wall function to predict transitional variances. However, for the wall function to accurately resolve the boundary flow the mesh had to have a y+ of 1 across the surface.
The results were validated and verified by comparison with available aerodynamic data 11 . Figure 7 shows the pressure distribution along the airfoil with the morphing leading edge when the flap is deployed and morphed. The graph clearly shows the gentler pressure recovery associated with the morphing leading edge and the increased lift generated by the flap. These lower pressures will help to alleviate the strains associated with morphing procedure, and influence the actuation loads required. Furthermore, the overall lift of the aerofoil section was increased by 121%, which was predicted in theory. The effect of the morphing LE was to stabilize the flow rather than increase circulation, which was left to the slotted flap to achieve. 
IV. Actuation
A. Actuation torque estimation As already discussed 11 , the actuation force required to deflect the rear part of the flap was obtained by imposing the desired vertical displacements to the flap structure and evaluating the corresponding reaction forces, as an application of the virtual work principle. The effect of the aerodynamic pressure load on the actuation load was also evaluated 11 and the total actuation forces required to deflect the flap TE structure was obtained as the sum of two contributions: the actuation force needed to elastically force the skins into the desired shape and the actuation force to overcome the aerodynamic pressure load.
Once the load required to deflect the TE flap was found, the corresponding equivalent torque needed at the curved beam root of the EBAM mechanism was calculated for each angle of rotation. Figure 8 shows the torque required to elastically deflect the flap skins with and without aerodynamic pressure load on the flap and the total torque resulting from the sum of these two contributions. The maximum total torque of 58.2 Nm per beam was obtained for a rotation of 45° of the eccentric beam.
B. Distributed actuation
The maximum torque of 58.19 Nm obtained from the structural analysis corresponded to a maximum power demand of 40.6 W. These data refer to a single EBAM mechanism. The total power consumption for the inboard flap not tapered was obtained by assuming that the eccentric beams were distributed along the flap span with a pitch of 0.5 m from each other. Considering a spanwise length of 5.5 m, 11 beams were used to provide the necessary actuation and the overall power required to deflect the trailing edge of the inboard flap was 446.6 W.
An electromechanical rotary actuator small enough to be fitted at the rear spar, in correspondence of the curved beam root, was selected. An output shaft made of Steel 17Cr3 and having a diameter of 15.64 mm was designed to transmit the required torque 15 . The output shaft of the actuator and the curved beam of the EBAM mechanism were connected through an interlocking parallel key, allowing a high degree of precision of the assembly. As the parallel key connection does not provide any axial positioning, additional components will be required to ensure the correct axial positioning. A thin section deep grove ball bearing will be included to ensure the correct axial positioning and a centering collar will be designed on both the actuator and the rear spar 15 .
C. Effect of the aerodynamic load
The aerodynamic pressure applied to the structure, as expected, increased the actuation load required for deflection. However, it gave also a positive contribution to a uniform and smooth deflected shape by helping to counteract the progressive crushing of the flap skins under the actuation load.
In fact, when the flap structure was deflected, it exhibited a behavior similar to what happens in a circular cylindrical tube subject to large bending: its upper and lower skins became closer and eventually crushed as the imposed load and deflection were increased. This phenomenon is known as the "Brazier effect" 16 , and it is the result of secondary stresses arising in thin-walled, cambered, long structures subject to bending together with the expected compressive/tensile components of the stress due to the bending itself. Although it was found that the Brazier effect is unlikely to occur as a failure mode (see Cecchini and Weaver 17 ), it has a strong influence on the local buckling of the skins and material failure, as well as an effect on the dynamic behavior because of the nonlinearity in the bending response 16, 17 . The aerodynamic pressure load helped to relieve the undesired components of stress acting on the skins, ensuring the correct functioning of the additional skin connections and a uniformly deflected shape 11 .
V. Static Analysis
The effectiveness of the design of the flap with EBAM actuation system was already proved in a previous investigation 11 by analyzing a 1 m spanwise section of the rear morphing part of the flap. In this paper, the analysis is extended to the full scale inboard flap, having a span of 5.52 m and actuated by eleven EBAMs arranged at a distance of 0.5 from each other and located in its rear morphing part (Fig. 9 ).
Figure 9 Inboard flap integrated with distributed EBAM along the span.
A nonlinear static analysis was carried out on the inboard flap structure with EBAM actuation mechanisms, under the actuation forces previously calculated and the aerodynamic pressure at landing condition.
A. Finite Element Model
A finite element (FE) model of the inboard flap with integrated internal actuation system and external deployment mechanism was created using the commercial software Patran/Nastran. The 11 curved beam were made of steel 2 mm in thickness. The skins, the stringers, the curved beams and the skin connections were modeled as 2D QUAD4 shell elements while the discs were represented by 1D bar elements having beam properties. A sliding constraint was set between the discs and the stringers, allowing the disc to have small chordwise movements with respect to the skin surface when the beam was rotated. An additional sliding constraint was imposed between the upper and lower skins at the flap trailing edge.
The flap was supported by its link-track deployment mechanism, which was considered fixed in the fully deployed configuration at 35° of rotation of the flap. All the parts of the mechanism were made of steel. A preliminary study ensured the mechanism was able to withstand the aerodynamic load form the flap. The link and the track were clamped on one side, where the mechanism would be connected to the wing box structure. On the other side, the flap fittings were attached to the lower surface of the flap at 25% and 75% of the span. QUAD4 elements were used to model the mechanism in the FE model. Multi Point Constraints (MPCs) were applied between the nodes to model the joints between the links and the roller riding on the track.
B. Model under Aerodynamic Pressure Load
Initially, the effect of the aerodynamic load on the flap structure was evaluated. The flap was supported at two locations along the span and subject to aerodynamic load only. As it can be seen from Tab. 3, the maximum deflection achieved under aerodynamic load was 3.73 mm for the model with aluminum skin and 2.94 mm for the model with CFRP skin. These small values, comparable to the skin thickness, indicated that the flap with EBAM mechanism was able to maintain its configuration under the effect of the aerodynamic pressure. Table 3 summarizes also the stress and strain results for this load case. The stresses σ 1 and σ 2 were taken in chordwise and spanwise direction for the aluminum skin and in fiber and off-fiber directions for the CFRP skin. The strains were measured in the global coordinate system of the material. As it was expected, these values were considerably lower than the maximum allowable for the materials, with the maximum stresses located at the curved beam root.
C. Model under Actuation and Aerodynamic Pressure Loads
The total actuation load required to deflect the flap structure was 4.02 kN for the model in aluminum and 4.63 kN for the model in CFRP. This actuation load was applied to the FE model in correspondence of the lower skin stringers, where the disc-stringer contact would have been located in the real flap. The curved beams were set free to rotate at the rear spar to allow the flap to deflect under the actuation and aerodynamic loads (Fig. 10) Both the flap models with aluminum and CFRP skin were able to meet the deflected shape requirements in terms of vertical displacement and achieved a uniform and smooth deflection along the span.
As expected, the presence of the flap deployment mechanism did not affect the deformation of the flap under the internal actuation load, but it provided enough support to the structure under the effect of the aerodynamic pressure load. A stress and strain analysis was carried out for the flap structure with EBAM actuation system. The higher stress values were measured on the curved beam in a region close to the rear spar, with the maximum stress in the chordwise direction equal to 460 MPa and 405 MPa for the models with aluminum and CFRP skins respectively. Conversely, the stress results for the aluminum and CFRP skins were considerably below the maximum allowable for the materials. The maximum stress in the aluminum skin was 166 MPa in chordwise direction ( Fig. 11 (a) ) and 82.9 MPa in spanwise direction. For the model with CFRP skins, the higher value of the stress was reached in the layers at ±45° and it was equal to 136 MPa (Fig. 12 (a) ). Both the models with aluminum and CFRP skins maintained acceptable stress levels under the aerodynamic and actuation load (Figs. 12 and 13), with carbon fiber/epoxy skin exhibiting the lower stress values. The resulting strain values were 1140 µε and 1050 µε in chordwise and spanwise directions respectively for the model with aluminum skin (Fig. 11 (b) ) , and 1270 µε and 635 µε respectively for the model with CFRP skin (Fig.  12 (b) ). In both cases the structure was well below the maximum design allowable which is 4000 µε.
Based on these results, both the skin materials satisfied the structural strength requirements and were able to achieve the desired deflected shape. The model with aluminum skin required a slightly lower actuation load, however, the CFRP/epoxy skin represented the best material option for the flap structure because of its lower stress and strain levels.
VI. Stability of the Flap Structure under Transient Aerodynamic Loads

A. Modal Analysis
A preliminary modal analysis was carried out on the inboard flap to obtain the natural frequencies and mode shapes of the structure. Table 4 summarizes the first four modes of the structure. The first natural frequency of the flap structure was equal to 20 Hz and 23 Hz for the models with aluminum and CFRP skin, corresponding to the first bending mode of the skin. A separate modal analysis was carried out on the flap deployment mechanism to investigate its contribution to the flap dynamic behavior. The mechanism was dimensioned to have a very low deflection and high stability under the aerodynamic load; hence, it was much stiffer than the flap structure, which, on the contrary, had to be flexible enough to achieve morphing. As expected, the natural frequencies of the mechanism were higher than those of the flap structure, with the first mode having a frequency of 76.2 Hz. For this reason, the deployment mechanism did not represent a critical component of the structure.
B. Dynamic Response of the Flap to a 1-cos Transient Input Load
The transient response of the TE flap structure to a time varying load representing the effect of a gust was evaluated. The analysis was carried out for the landing case, when the flap was fully deployed, as this represents the most onerous condition.
An input load with a 1-cos shape was considered for this study to represent a discrete gust. Based on the information provided in the CS-25 Specifications 18 for high lift devices, the gust velocity and the gust load factor were calculated. Assuming a landing airspeed of 124.5 m/s, the maximum gust velocity to consider was 7.6 m/s and the gust load factor was 1.33 (i.e. the magnitude of the gust load was 1.33 times the static aerodynamic pressure). From CS-25 it was also possible to evaluate the frequency of the gust, which resulted to be 3.454 Hz. The transient gust load was applied to the structure as an additional time dependent pressure. At time 0 s the static pressure load was applied and once the structure was stable the gust load was applied for two cycles. Figure 16 shows the gust response of a point of the flap skin along the trailing edge for the models with aluminum and CFRP skin respectively. The static pressure load deflected the flap by approximately 3.73 and 2.94 mm at the trailing edge for aluminum and CFRP skins respectively. The sudden gust force had the effect to increase this displacement to 1.36 cm and 1.30 cm respectively. However, the structure returned to its original position as soon as the dynamic load was released. Figure 17 shows the response of the flap structure to a 1-cos type input for an additional value of the input load frequency equal to 15 Hz. As expected, as the load frequency approached the first natural frequency, the structure exhibited larger oscillations.
VII. Conclusion
In this paper a morphing trailing edge flap integrated with an unconventional internal actuation mechanism for a large aircraft wing has been presented. The nonconventional EBAM curved beam mechanism was developed to provide the actuation force to deflect the flap TE and carry the external load as part of the wing structure. Additional skin connections were included in the design together with an open sliding flap TE to achieve a smooth skin deflection of a desirable configuration. Aluminum alloy and CFRP were used for the trailing edge skin and the obtained results were compared. The structural behavior of the inboard flap was investigated under the aerodynamic pressure and the internal actuation force. An FE model of the inboard flap structure with the integrated EBAM mechanism was created and a geometrically nonlinear analysis was performed to evaluate the morphing flap structure in large deformation. Both the metallic and composite structures satisfied the requirements in terms of deflection shape and strength of the structure. The CFRP, however, exhibited lower stress levels and hence represented the preferred solution. The dynamic behavior of the morphing trailing edge flap was investigated. The effect of a transient dynamic load on the structure was analyzed. The dynamic response results showed that the eccentric beam mechanism provided sufficient stiffness to the trailing edge flap to ensure a high degree of stability in the event of a gust encounter in the frequency range of study. 
